1. Introduction {#sec1}
===============

Based on limitations concerning the use of synthetic compounds \[[@r1]-[@r4]\], natural phytobioactive compounds might play an important role in preventing PD. An ideal neuroprotective property of nutraceuticals, that are natural compounds derived from organic food sources, which have shown verified therapeutic value, should comprise all the mechanisms and strategies involved in the preservation of neuronal integrity and its functions. Therefore, a neuroprotective bio-agent mainly aims to reduce or prevent the pathological mechanisms associated with neurodegeneration, and its efficacy may induce this outcome by either inhibiting primary neurodegenerative events ("neuroprotection"), boosting compensatory responses ("neuroplasticity") or regenerative mechanisms in the brain ("neurorestoration") \[[@r5]\].

Neuroprotection or the extraordinary competence of bio-agents in preventing neuronal damage and secondary injuries by limiting oxidative stress, neuroinflammation, mitochondrial dysfunction, excitotoxicity, protein misfolding, disruptive autophagy and apoptosis, is currently leading the therapeutic strategy to slow disease progression \[[@r6]\]. However, various synthetic therapeutic agents, which prevent the death of vulnerable neurons and slow down disease progression, are also used as neuroprotective agents \[[@r7]\]. These agents mainly include antioxidants, anti-inflammatory drugs, glutamate antagonists, cholinesterase inhibitors, dopamine (DA) agonists, antiapoptotics, neuroprotective steroids and some miscellaneous drugs \[[@r8]\]. The main function of a reliable neuroprotective agent is to demonstrate experimentally, first in PD animal models and then in clinical trials, its effects on the preservation of functional nigral dopaminergic neurons, mainly by decreasing apoptotic cell death and activating the glutathione-dependent antioxidant systems which contribute to the reduction of motor dysfunction \[[@r9]\]. Numerous trophic factors, associated receptors and neurotrophins are endogenous plasticity-enhancing and neuroprotective secreted proteins that minimize cell damage and promote compensation in the affected brain cell circuitry, as has been extensively reported in neurons and glia under PD neuropathological conditions \[[@r10], [@r11]\]. Accordingly, results from treatments that improve neurotrophic factor levels in the brain have been reported to efficiently neutralize adverse degenerative effects such as oxidative damage, mitochondrial dysfunction, microglia activation and apoptosis, while promoting cell regeneration, synaptogenesis and axonal sprouting \[[@r12], [@r13]\].

Neuroplasticity or the remarkable proven capacity of bio-agents to induce plasticity in the mammalian central nervous system, by reorganizing functionally and structurally their damaged neuronal pathways in response to pathologic insults, provides the basis for both learning and compensatory processes following brain damage or neurodegeneration \[[@r14]\]. In PD, the parkinsonian motor symptoms arise only when more than 30% of nigral dopaminergic neurons or 50% of striatal dopaminergic cells are necrotic or lost, demonstrating the presynaptic compensation response of the nigrostriatal pathway \[[@r15]\]. Preclinical studies from the past decade have demonstrated that monoaminergic systems affected in PD are capable of inducing compensatory changes in an attempt to preserve the proportion of active neurons, and thus to maintain basal aminergic output \[[@r9]\]. The most notable adaptative plastic responses were reported in the dopaminergic systems, particularly in the nigrostriatal pathway, where increased sprouting, branching and thickness of tyrosine hydroxylase (TH)-positive axon terminals were reported in rodent and monkey models intoxicated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) \[[@r16]\]. Associated with these compensatory changes, biochemical adjustments involving decreased DA transporter binding, increased activity of L-amino acid decarboxylase (AADC) and up-regulation of DA turnover were also described \[[@r17]\]. However, both noradrenergic neuronal circuitry and the serotonergic projections have been described to participate in the same putative attempt by the dopamine-denervated brain to recruit parallel motor circuits to overcome the functional basal ganglia deficit \[[@r18]\]. Moreover, preclinical studies have also demonstrated that non-monoaminergic systems within the cortical-basal-ganglia-thalamocortical network such as GABAergic \[[@r9]\], enkephalinergic \[[@r19]\] and glutamatergic \[[@r20]\] transmission pathways are involved too, although in an indirect compensatory way. Bezard and colleagues \[[@r21]\] have described clearly three stages of increased compensatory intensity during the presymptomatic period in PD, namely: (i) active dopamine compensation, when dopamine homeostatic compensatory mechanisms can mask the symptoms; (ii) dynamic compensation feedback within the basal ganglia, when striatal dopamine homeostasis breaks down, leading to readjustments in the activity of the basal ganglia output structures; and (iii) emergency compensation activity in structures outside the basal ganglia, when the increased GPi activity does not prevent the emergence of parkinsonian motor symptoms.

Neurorestoration, or the repopulation of dopamine neurons, using cell transplantation or through endogenous neuroprogenitor cells, are types of strategies to promote neuroregeneration and the functional recovery of the affected brain areas, involving the delivery of biological payloads such as gene therapy and stem cells \[[@r22]\]. Therefore, by using neurorestorative and neuroprosthetic technologies, therapeutic treatments aim to change the pathophysiological environment towards the functional recovery of the dopamine phenotype affected. Rasagiline (MAO-B inhibitor) is a good example of a neurorestorative therapeutic agent against PD pathology, as it has been shown to protect *in vitro* SH-SY5Y neuroblastoma cells from apoptosis \[[@r23]\] and *in vivo* rodents \[[@r24]\] and primates \[[@r25]\] by restoring dopaminergic neurons previously treated with the neurotoxin MPTP. Moreover, recent studies on neurorestorative therapies for treating PD in 5 dpf zebrafish larvae demonstrate that rasagiline (MAO-B inhibitor) is an effective anti-apoptotic agent for limiting motor symptoms in early disease stages, and also an ideal adjuvant to L-DOPA at more advanced stages \[[@r26]\], as it restored both locomotor function and dopaminergic neurons to control levels \[[@r27]\]. Thus, the prospect of replacing the missing or damaged dopaminergic cells through an effective regenerative therapy that includes the transplanting of developing neural tissue or neural stem cells into the degenerated host brain gains progressively more consistency to overcome the degenerative progress of the disease symptoms.

This review will focus on the most studied neuroactive bio-agents (Table **[1](#T1){ref-type="table"}**), based on three approach strategies: neuroprotection, neuroplasticity and neurorestoration, directed against PD pathological symptoms and dysfunctional hallmarks. Natural bio-agents, also called nutraceuticals or functional foods, are currently reliable dietary tools for preventing or slowing down the progression of numerous degenerative processes \[[@r28]\]. Therefore, we will review the most tested natural products against PD, which have been used empirically in current medicine, endorsed by *in vitro* and *in vivo* studies validating their biologic properties on scientific bases.

2. Currently used drugs {#sec2}
=======================

In the last decades, there have been many remarkable improvements in the treatment approaches for Parkinson\'s disease. Several new drugs have been developed, tested and used in the daily clinical treatment while updating the knowledge of how to improve the efficiency of older treatments. The result obtained has made a big difference in every day's life for people with the disease. Currently, there are three main types of medication prescribed for PD patients depending on the symptomatology and the evolution of the disease: levodopa; dopamine agonists and monoamine oxidase-B inhibitors.

2.1. Levodopa and Carbidopa (Sinemet) {#sec2.1}
-------------------------------------

Levodopa (also called L-dopa, precursor of dopamine) is the most commonly prescribed medicine for Parkinson's disease, since it is the best synthetic drug at controlling the main symptoms of the disorder condition, particularly slow movements and rigid body parts. Sinemet is a mix of levodopa and carbidopa (a peripheral DOPA decarboxylase inhibitor used to bypass the excessive peripheral dopamine signaling), potentiating the beneficial effects of levodopa and prevents many common side effects such as nausea, vomiting and irregular heart rhythms.

2.2. Dopamine Agonists {#sec2.2}
----------------------

Ropinirole (Requip; stimulate dopamine receptors in the striatum and substantia nigra), Pramipexole (Mirapex; can increase the expression of GDNF and brain-derived neurotrophic factor) and Rotigotine (Neupro; inhibits dopamine uptake and prolactin secretion) are synthetic drugs that act like dopamine in the brain. Since these Dopamine agonists do not have the same risks of long-term problems as levodopa therapy, they are often the first choice of treatment for Parkinson\'s disease. However, there are some short-term side effects in some patients such as nausea, vomiting, dizziness, light-headedness, confusion and hallucinations.

2.3. Amantadine (Symmetrel) {#sec2.3}
---------------------------

This synthetic drug raises the concentration of dopamine available to intake by the synaptic neurons by releasing dopamine from the nerve endings of the brain cells, which helps to minimize the Parkinson's symptoms. Recent studies have also found that Symmetrel reduces the involuntary movements that are triggered by the levodopa therapy, although may cause confusion and memory problems as side effects.

2.4. Trihexyphenidyl (Artane) and Benztropine (Cogentin) {#sec2.4}
--------------------------------------------------------

These synthetic drugs demonstrated to restore efficiently the balance between two main neurotransmitters in the brain, dopamine and acetylcholine. The beneficial effects are the reduction of tremors and muscle stiffness in Parkinson\'s patients, although it may affect memory skills, especially in older people.

2.5. Selegiline (Eldepryl, Zelapar) and Rasagiline (Azilect) {#sec2.5}
------------------------------------------------------------

The mechanism of action common among all of these synthetic drugs is the capacity of blocking the neurotransmitters degradation such as Dopamine, enhancing the concentration of available Dopamine in the synaptic areas of the affected brain.

2.6. Tolcapone and Entacapone (Catechol-O-methyltransferase Inhibitors) {#sec2.6}
-----------------------------------------------------------------------

These synthetic drugs are prescribed for people in later stages of Parkinson\'s disease, since it prevents levodopa from being broken down by the enzyme COMT. However, numerous side effects of COMT inhibitors are reported such as nausea or vomiting, diarrhea and abdominal pain.

Unfortunately, no synthetic drugs are yet available that slow efficiently the rate of progression of Parkinson\'s disease. The initial therapy, for the motor symptoms, should be constitute by direct-acting dopamine agonists while the disease progresses and these agents become insufficient, levodopa can be added. However the efficacy of these synthetic drugs is reduced during the progression of the disease and new modalities presently under investigation are needed to improve the efficiency of clinical treatments.

3. Pluripotent stem cells-derived neurons in PD {#sec3}
===============================================

In order to explore novel methods for the treatment of PD, a few cell based therapeutics have been developed for the treatment of PD such as embryonic stem cells, induced pluripotent stem cells and somatic stem cells. The human dopaminergic neurons can be generated using a technology called pluripotent induction, where the human fibroblasts can be reprogrammed through a pluripotent stage. In further stages, dopaminergic neurons specific to the patients can be generated, thus avoiding the adverse reaction of immune system as well as the ethical issue of the embryonic stem cells. The major drawbacks associated with this technology is the tumor production, unpredictability in the process of reprogramming, and making prone to the pathogenesis of PD. Although this novel method proved to be effective in PD treatment in animal and clinical studies, it is known to increase the non-motor symptoms. Therefore, more long term clinical trials are required to proof the efficacy of all aspects of PD through cell based therapy including non-motor symptoms.

4. Natural phytobioactive compounds {#sec4}
===================================

However, an emerging understanding of nutraceutical science discloses some relevant questions about the level of efficacy of nutraceuticals in comparison with pharmaceutical chemical drugs in the approach of the same pathologic condition. One of these key questions is whether bio-agents (Table **[1](#T1){ref-type="table"}**) are able to activate, at high levels, the endogenous neuroplastic and neuro-regenerative response of the central and peripheral nervous systems, affected in PD, for therapeutic purposes. An even more striking question is whether the improvement in neuroplasticity induced by bio-agents can at the same time enhance dopaminergic function and protect neurons against incipient PD pathology.

Nutraceuticals or nutritional supplements have shown verified therapeutic value by evidence-based studies and have demonstrated no side effects after prolonged intake, opening the pathway toward the use of healthy alternative strategies to battle neurodegenerative diseases. Currently increasing research efforts have been made to better comprehend the role of nutraceuticals in PD \[[@r29]\], demonstrating positive effects *via* modulating energy metabolism and signaling transduction pathways by inhibiting oxidative stress, inflammation and apoptosis, and regulating mitochondrial homoeostasis and neurotransmission \[[@r30]\]. This review re-examines the most studied nutraceuticals or specific bio-agents against PD and how they can affect each of these biological targets and impact disease processes such as α-synuclein aggregation, ubiquitin proteasome function, lysosomal-autophagy, catecholamine trafficking, DA oxidation, synthesis of toxic DA-quinones, hyperhomocysteinemia, methylation, inflammation and the irreversible oxidation of neuromelanin.

5. SAFFRON (Crocus sativus L.) {#sec5}
==============================

In natural medicine there is growing interest in *Crocus sativus L*. a perennial, stemless herb, belonging to the Iridaceae family, cultivated in most Mediterranean countries and in Iran, India and China. Its active constituents were long studied as antioxidant, anti-inflammatory and neuroprotective bio-agents against degenerative pathologies \[[@r31]\]. Based on traditional natural medicine and recent biomedical research, *C. sativus* and its bio-active compounds have been indicated to possess anticancer \[[@r32]\], anti-mutagenic \[[@r33]\], antigenotoxic \[[@r34]\] and anti-microbial \[[@r35]\] activities that have proven to be effective treatments for coronary artery diseases \[[@r36]\], gastrointestinal diseases \[[@r37]\], respiratory diseases \[[@r38]\], urinary system disorders \[[@r39]\] and neurodegenerative disorders \[[@r40]\]. Biochemical analysis of the purified *C. sativus* extract has indicated that carotenoids (crocins, crocetin, picrocrocin, and safranal) and glycosides (quercetin and kaempferol), are its main bioactive constituents \[[@r41]\]. Boskabady and Farkhondeh \[[@r31]\] reported that the immunomodulatory properties of these saffron constituents could be effective against inflammatory and immune system disorders *via* the modulation of pro-inflammatory cytokines (IL-8, IL-1b, IL-6, TNFα), oxidative stress markers (ROS), immune factors (TGF-β, Leukotriene B4, epidermal growth factor receptor) and an increase in CD8+ lymphocytes, macrophages, neutrophils and epithelial cells. Experimental results using safranal (100 mg/kg) in spinal cord injury (SCI) rat models corroborated these statements by ameliorating neuronal function following SCI, which was associated with its intrinsic anti-inflammatory, anti-apoptotic and edema-attenuating effects \[[@r42]\]. Interestingly, by using crocin (α-crocin; 20 mg/kg) and crocetin (50 mg/kg) against traumatic brain injury in mice, studies have documented their neuroinflammatory protective effects by the amelioration of neurological severity score, brain edema, a decrease in microglial activation, the release of several pro-inflammatory cytokines \[[@r43]\] and a decrease in the lipopolysaccharide (LPS)-induced apoptosis in organotypic hippocampal slice cultures \[[@r44]\]. Broadly speaking, these saffron-derived compounds execute their neuroprotective activity *via* anti-inflammatory, antioxidant and immunoregulatory pathways, which constitutes a reliable immunomodulation response in neurodegenerative pathologies such as PD \[[@r45]\].

6. TURMERIC (Curcuma longa) {#sec6}
===========================

Widely used in Southeast Asia for medical purposes, turmeric is a rhizomatous herbaceous perennial plant of the ginger family (Zingiberaceae). Curcumin (diferuloylmethane) is the main natural turmeric phenol, a flavonoid of the curcuminoids group that displays intrinsic anti-oxidant, anti-inflammatory and anti-cancer properties. In terms of neuroprotection, the capacity of curcumin to cross the blood-brain barrier enables it to exert its anti-oxidant effect on substantia nigra (SN) neurons and to increase striatal dopamine levels and chelates Fe^2+^ in neurotoxic rat models of PD \[[@r46]\]. In the last decade, several *in vitro* and *in vivo* experimental studies in different mouse models of PD have shown that chronic dietary consumption of curcumin exerts a neuroprotective effect against central neurological disease by increasing neuronal viability, tissue perfusion and cerebral blood flow, and reducing ischemic-related apoptosis \[[@r47]\]. The reported results suggested that curcumin intake restored mitochondrial membrane potential and cell viability in 6-OHDA-lesioned mouse embryonic stem cells \[[@r48]\], while increasing striatal dopamine and DOPAC (3,4-Dihydroxyphenylacetic acid) levels in MPTP (1-methyl-4-phenyl-1, 2,3,6-tetrahydropyridine)-injected mice \[[@r49]\]. Moreover, in animal models of ischemic stroke, curcumin exerted neuroprotective effects in both *in vivo* and *in vitro* experiments, maintaining neuron survival rates through inhibiting ischemia-induced mitochondrial apoptosis *via* restricting BAX activation \[[@r50]\]. Therefore, the most important neuroprotective function of curcumin against PD is related to its anti-oxidant capability.

7. CANNABINOIDS (CANNABIS SATIVA) {#sec7}
=================================

Cannabis is an annual herbaceous flowering plant indigenous to eastern Asia and widely cultivated throughout recorded history, used as a source of industrial fiber, seed oil, food, recreation, religious moods and medicine. It is well known that components of the endocannabinoid system are highly expressed in the basal ganglia circuitry, probably exerting a modulatory function while maintaining an intense interaction with dopaminergic, glutamatergic and GABAergic signaling systems \[[@r51]\]. This endogenous neuroprotective function was revealed by the dramatic increase in endocannabinoid levels upon neuronal injury \[[@r52]\]; these usually being found at low concentrations in the brain. Although over 500 different compounds have been described, the two main plant-derived cannabinoids, Delta9-tetrahydrocannabinol (THC) and cannabidiol (CBD), present neuroprotective effects in animal models of PD, presumably because of their antioxidant properties \[[@r53]\]. Neuroprotective effects of the cannabinoid-based compound (inhibitor of the endocannabinoid inactivation AM404) were investigated in rats with unilateral lesions of nigrostriatal dopaminergic neurons caused by the local application of 6-hydroxydopamine \[[@r54]\]. Results showed that AM404 induced a notable recovery of 6-hydroxydopamine-induced DA depletion and tyrosine hydroxylase deficit in the affected dopaminergic population due to its antioxidant effect, exerted by a phenolic group in its structure. Other cannabinoid agonists have also been suggested as neuroprotective agents in PD, such as WIN-55212-2 \[[@r55]\], due to its capacity to inhibit excitotoxicity, glial activation, and oxidative injury, preventing the degeneration of nigrostriatal neurons. When administered immediately after injury to mouse models of stroke, results showed an enhanced long-term neuronal and oligodendrocyte recovery and regeneration \[[@r56]\]. Moreover, the cannabinoid compounds CE-178253, oleoylethanolamide, nabilone and HU-210, have also demonstrated reliable effects against bradykinesia and levodopa-induced dyskinesia in PD \[[@r57]\]. Pazos and colleagues \[[@r58]\] have also reported that cannabidiol given immediately after hypoxia-ischemia episodes could minimize cerebral injury by preventing hemodynamic impairment and brain edema, and restoring motor and behavioral performance, as results showed after the 72 h analysis. Taken together, reports indicate that cannabinoid bio-agents and their antioxidant properties can exert neuroprotective functions during the different stages of the disease \[[@r59]\], while agonist/antagonist compounds might regulate the behavioral effects of L-Dopa and PD motor symptoms themselves, suggesting that the cannabinoid system plays a crucial role in the therapeutical strategy of PD treatment.

8. RESVERATROL (3,5,4′-trihydroxy-trans-stilbene) {#sec8}
=================================================

The dietary antioxidant polyphenol found in grapes, cranberries, peanuts and red wine has recently been extensively studied due to its variety of beneficial effects \[[@r60]\]. Although scientific literature has generally focused on its cardioprotective \[[@r61]\], chemopreventive \[[@r62]\], anti-cancer \[[@r63]\] and anti-aging \[[@r64]\] effects, its anti-inflammatory and strong antioxidant properties \[[@r65]\] are other biological effects attributed to resveratrol in the modulation of key molecular mediators directly related to PD-affected pathways. Numerous *in vitro* studies have demonstrated that resveratrol protects SH-SY5Y cells against rotenone-induced autophagic dysfunction by progressively inducing the degradation of α-synuclein \[[@r66]\]. Zhang and colleagues \[[@r67]\] have corroborated the same protective effect of resveratrol in PC12 cells, significantly reducing the induced damage caused by 6-OHDA *via* the CXCR4 signaling pathway and by MPPT *via* the AKT/GSK-3β signaling pathway \[[@r68]\]. Importantly, a recent *in vivo* study reported that resveratrol has potential therapeutic capacity for rotenone-, 6-OHDA- and MPTP-induced PD in rats by inhibiting endoplasmic reticulum stress-mediated apoptosis \[[@r69]\], up-regulating antioxidant enzymes \[[@r70]\] and down-regulating α-synuclein expression \[[@r71]\], respectively. Nanoencapsulation of the trans-resveratrol form enhances its bioavailability in systematic circulation for prolonged activity in preventing PD by enhancing neuronal survival against oxidative stress, as shown in several studies \[[@r72],[@r73]\]. Moreover, by adding a vitamin E emulsion, studies show a notable increase in availability of resveratrol to the brain, thereby reducing the oxidative stress of PD, improving mouse coordination movements and spatial memory performance \[[@r74]\]. Taken together, experimental studies showed that treatment with resveratrol exerts neuroprotective effects on dopaminergic neurons, probably due to its intrinsic antioxidant properties \[[@r75]\] related to its scavenger activity against hydrogen peroxide. Moreover, resveratrol induces activation and expression of SIRT1, affecting the transcription of heat shock proteins 70 that regulate the homeostasis of cellular proteins, reducing the formation of pathological α-synuclein aggregation \[[@r76]\]. In conclusion, experimental studies found that resveratrol significantly reduced neurotoxic-induced neuronal damage through activating the SIRT1/Akt1 signaling pathway and providing solid evidence for the potential application of resveratrol in treating PD \[[@r77]\].

9. POLYGONUM MULTIFLORUM (FALLOPIA MULTIFLORA) {#sec9}
==============================================

Polygonum is one of the most popular herbaceous perennial vines in traditional Chinese medicine, known as *He shou wu* or *Fo-ti* in China and East Asia \[[@r78]\]. Officially listed in the Chinese Pharmacopoeia, it is used for nourishing the reproductive system, kidney cleansing, liver cleansing and urinary tract cleansing, as well as for reducing triglyceride and cholesterol levels \[[@r79]\]. Recent studies ascribe most of these effects to its main bio-active component, tetrahydroxystilbene glucoside (TSG), directly linked to its antioxidant, anti-inflammatory, free radical-scavenging and cardioprotective activity \[[@r80]\]. In neuroprotection, although the exact molecular pathway has not yet been completely elucidated, TSG has significant neuroprotective effects on the ischemic brain, reported in both *in vitro* and *in vivo* experimental studies. *In vitro* studies indicate that TSG possesses a beneficial potential for PD treatment, as demonstrated by inhibiting microglia activation and the subsequent release of proinflammatory factors in primary rat midbrain neuron-glia cocultures, closely related to the inactivation of the mitogen-activated protein kinase (MAPK) signaling pathway \[[@r81]\]. Moreover, *in vitro* ischemic models of oxygen--glucose deprivation followed by reperfusion (OGD-R) were used to study the neuroprotective effects of TSG on ischemia/reperfusion brain injury and the related mechanisms. Results obtained demonstrated that OGD-R caused cytotoxicity in primary cultured cortical neurons due to the induction of oxidative stress, which could be rescued by TSG pretreatment. In PD basic studies, results showed that TSG improved both motor and memory functions by attenuating α-synuclein aggregation in the striatum dopaminergic neurons of aged mouse models \[[@r82]\]. Recently, Huang and colleagues \[[@r81]\] demonstrated that TSG promotes neuroprotection from nigral stereotaxic injection of 6-OHDA-induced DA neurotoxicity in rat, by means of the inhibition of microglia-elicited neuroinflammation. Similar results were obtained when administering TSG intraperitoneally before the onset of reperfusion, inducing significant neuroprotection against MCAO-induced neuronal injury due to the induction of oxidative stress in cerebral ischemia mouse models \[[@r83]\]. In summary, TSG has displayed neuroprotection in response to OGD-R-induced oxidative stress, in both *in vitro* and *in vivo* experiments, while further research on the main intracellular signaling pathways (MAPK) involved, and their modulation by TSG, may provide additional insights into the molecular basis of the neuroprotective effects that this antioxidative polyphenol exerts.

10. GINKGO (Ginkgo biloba) {#sec10}
==========================

Extracts of *Ginkgo biloba* leaf (EGb) have been studied as antioxidants capable of scavenging various reactive oxygen species, including superoxide, peroxy radical, and hydroxyl radical \[[@r84]\], and of reducing the functional impairments observed after lipid peroxidation \[[@r85]\] in striatum, substantia nigra and hippocampus in Parkinson's and Alzheimer's patients. In animal models of hypoxia, EGb exhibits protective effects against excitotoxicity, focal and global cerebral ischemia \[[@r86]\], probably due to its intrinsic inhibitory effects against brain monoamine oxidases, which would prevent the degradation of DA and increase its availability. Previous findings also support MAO-B inhibitors as the main agents involved in decreasing DA re-uptake \[[@r87]\] and delaying disability in Parkinson's patients \[[@r88]\]. In the neuroprevention of cellular degeneration, the cyclized o-quinones derived from dopamine are efficiently conjugated with glutathione in the presence of human glutathione transferase (GST) catalyzing the detoxification of oxidized metabolites of catecholamine, yielding an effective antioxidant system \[[@r89]\]. Additionally, neurorestoration of striatal DA elements after pre-treatment with EGb has been reported in the MPTP mouse model \[[@r90]\]. Compromised behavioral activity and cellular integrity were also partially restored in PD rat models pre-treated with EGb before lesioning, recovering almost the previous normal levels of TH expression and similar rates of DA, enzymatic and nonenzymatic marker levels related with lipid peroxidation \[[@r91]\]. Taken together, EGb seems to act as a multi-target agent *via* antioxidant, free radical scavenging, MAO-B-inhibiting and DA-enhancing molecular pathways that rescue the compromised dopaminergic cells, activating the anti-apoptotic, anti-oxidative and anti-inflammatory protective mechanisms in the affected central nervous system.

11. Green/Black Tea (CAMELLIA SINENSIS) {#sec11}
=======================================

Green or black tea is made from an extract of *Camellia sinensis* leaves containing phytochemicals, such as polyphenols and caffeine. Polyphenols found in green tea include epigallocatechin-3-gallate (EGCG), epicatechin gallate, epicatechins and flavanols (kaempferol, quercetin, and myricetin) which have antioxidant, anticarcinogenic, anti-inflammatory, and anti-radiation biochemical effects *in vitro* \[[@r92]\]. EGCG, besides its numerous putative bioactive benefits including anti-oxidative, ROS-scavenging, iron-chelating and anti-apoptotic properties, is frequently featured in PD biological therapy \[[@r93]\]. The two main advantages making it an attractive compound for PD therapy are its complete permeability in crossing the blood-brain barrier and its activation of the adenosine monophosphate-activated protein kinase (AMPK) pathway \[[@r94]\]. This molecular mechanism for EGCG-mediated neuroprotective effects is *via* the increase of cytosolic Ca^2+^ levels, thereby influencing the activity of Ca^2+-^/calmodulin-dependent protein kinase (CaMKKβ), an upstream kinase of AMPK \[[@r95]\]. In *in vitro* studies, using parkin-null Drosophila as a PD model that bears a resemblance to that of human PD \[[@r96]\], the administration of EGCG significantly reduced the pathological phenotypes of PD flies, such as mitochondrial abnormalities and the progressive degeneration of dopaminergic neurons that induce age-dependent decline in locomotor ability \[[@r94]\]. Consistent with these results, Ng and colleagues \[[@r97]\] also found that *LRRK2* mutants of Drosophila ameliorate the parkinsonian phenotypes observed, *via* pharmacological treatment with EGCG, metformin, AICAR or the co-expression of a constitutively active AMPK mutant. Accordingly, the EGCG-mediated neuroprotective effects requiring AMPK activation may almost completely restore different forms of PD pathological phenotypes in flies. Thus, AMPK activation regulates the mitochondrial biogenesis *via* PGC-1α and mitophagy, thus maintaining a viable pool of bioenergetically competent mitochondria necessary for dopaminergic neuronal survival \[[@r98]\]. Additionally, *in vivo* studies have demonstrated that EGCG prevented MPTP-induced loss of dopaminergic neurons in the substantia nigra by inhibiting neuronal nitric oxide synthase \[[@r99]\]. Recently, EGCG has been found to also have immunomodulatory effects in different PD models, regulating peripheral inflammation-related processes, restoring behavior responses and protecting from massive dopaminergic neuronal MPTP-induced degeneration \[[@r100]\]. Hence, it is likely that the EGCG-mediated neuroprotective effects represent a multi-efficient nutraceutical strategy against different forms of PD \[[@r101]\]. Taken together, the exhaustive mechanistic data on the neuroprotective and neurorestorative effects of tea polyphenols suggest that apart from exerting anti-oxidant or anti-chelating properties, they may directly interfere with aggregation of the αS protein and modulate intracellular signaling pathways, in both *in vitro* and *in vivo* models.

12. ATREMORINE (Vicia fava) {#sec12}
===========================

Favalins are a novel class of phytobioactive agents obtained by means of non-denaturing biotechnological procedures from structural components of the *Vicia faba L.* plant (E-PodoFavalin-15999), for the prevention and treatment of Parkinsonian disorders \[[@r102]\]. Currently, the synthetic dopamine precursor, levodopa (L-DOPA) is still the best available treatment for Parkinson's disease patients \[[@r103]\] since it increases brain dopamine levels and decreases motor symptoms. However, fluctuating L-DOPA level problems made the testing of some alternative drugs essential \[[@r104]\], in order to prolong its effects by inhibiting DOPA-decarboxylase, the L-DOPA-degrading enzyme (*e.g*. carbidopa or opicapone), or by inhibiting monoamine-oxidase β, the dopamine-degrading enzyme (*e.g*. selegiline, rasagiline or safinamide). Therefore, since no conventional therapy can effectively reduce PD progression or even prevent its clinical manifestation during long periods of treatment, natural bioactive strategies should be tested for the purpose of promoting their therapeutic benefits against PD. Thus, Cacabelos and colleagues \[[@r105]\] have recently demonstrated that the favalins of Atremorine are a potent dopaminergic enhancer in preclinical and clinical trials of PD. *In vitro* studies have reported Atremorine (Fig. **[1](#F1){ref-type="fig"}**) as a powerful neuroprotectant in (i) cell cultures of human neuroblastoma SH-SY5Y cells, (ii) hippocampal slices under conditions of oxygen and glucose deprivation, and (iii) striatal slices under conditions of 6-hydroxydopamine (6-OHDA)-induced neurotoxicity \[[@r106], [@r107]\]. Additionally, *in vivo* studies conformed to the guidelines established by the European Communities Council (86/609/EEC), have demonstrated that Atremorine (i) protects against MPTP-induced dopaminergic neurodegeneration, (ii) inhibits MPTP-induced microglia activation and neuro-toxicity in substantia nigra, and (iii) improves motor function in MPTP-induced mice \[[@r108], [@r109]\]. Results showed that approximately the loss of 80% of TH-positive neurons in the basal ganglia of MPTP-induced mice compared to controls, whereas Atremorine treatment diet showed a significant neuroprotective effect in this model after seven weeks of experimentation. Mice models treated with higher atremorine concentration showed 10.5% (\[20%\]; CI 8.3-12.6%; p \< 0.001) of TH-ir loss whereas mice treated with lower atremorine concentration showed 15.0% (\[30%\]; CI 13.2-17.0%; p \< 0.001), when compared with controls, due to a lower reduction in the density of TH-positive neurons in the SNpc **\[**[@r109]\]. Finally, clinical studies also showed that Atremorine administered for the first time to untreated patients enhances dopaminergic neurotransmission effects and increases plasma dopamine levels by 200- to 500-fold \[[@r107]\]. Moreover, when administered to patients who have been chronically treated with L-DOPA or other antiparkinsonian drugs, Atremorine displayed a dopamine level response of a similar magnitude to that reported in previously untreated patients, responses directly correlated to the pharmacogenetic profile of the patients \[[@r110]\]. According to the results obtained, Atremorine-induced dopamine response is genotype-dependent and is influenced by pleiotropic gene variants, such as *APOE*, and *CYP2D6*, *CYP2C19*, *CYP2C9* and *CYP3A4/5* pheno-geno-types that control L-DOPA metabolism, as well as other bioactive compounds of E-PodoFavalin-15999. All these data together undoubtedly demonstrate that Atremorine is a safe and effective nutraceutical for PD patients, capable of inducing a significant effect on catecholamine (dopamine and noradrenaline) levels. The collateral effect of Atremorine on prolactin and growth hormone levels observed in patients might be related to the intrinsic hypothalamic regulation circuitry mediated *via* dopaminergic/noradrenergic neurotransmission, and also to a direct effect on the pituitary gland \[[@r111]\]. In contrast, the effect on cortisol levels might be due to its bioactivity both on the adrenal gland and on the hypothalamus-hypophyseal complex regulated by the adrenocorticotropic hormone. According to these preclinical and clinical results, Atremorine is a valid nutraceutical with anti-inflammatory, neuroprotective and antioxidant effects, showing excellent ability to modulate neuroendocrine function in PD. In the present and future guidelines of anti-parkinsonian therapies, Atremorine should be taken into consideration in the combinations of potent anti-neurodegenerative drugs with this effective bioproduct, which might co-work effectively to revert neuropathological processes and movement disorders such as reducing the progression of PD in patients.

Conclusion
==========

The development and use of neuroprotective phytobioactive agents for therapeutic treatment in PD represents what is probably the most important goal for neuropathological research in this disease. Currently-prescribed drugs can help relieve many symptoms of PD and maintain the quality of life of patients but are inadequate for halting the progression of the disease. However, there is an urgent need for an effective long-term therapy that avoids the adverse effects of the available pharmaceutical drugs on motor and non-motor symptoms. In order to reverse this situation and establish a breakpoint for the disease course, the development of an effective bio-therapeutic agent that exerts DA neuroprotection *via* its anti-inflammatory action is crucial. Moreover, it is important that the molecular mechanisms through which the bioactive agent potentiates neuroprotection should also regulate compensatory (neuroplastic) and regenerative (neurorestorative) mechanisms in the PD brain. It is well known that MAPK/ERK kinase signaling pathways are vital regulators of neuroinflammation processes in AD and PD models, releasing pro-inflammatory cytokines from activated microglia including NO, IL-1β, and TNF-α \[[@r112]\]. Therefore, currently the intervention of MAPK pathway activation is consequently applied for neurodegenerative disease treatment \[[@r113]\]. The present study reviews the most relevant research data about the phytobioactive agents that inhibit the neuropathological effects of neurotoxic synthetic compounds (6-OHDA, MPTP and others) in PD-induced models, through the active inhibition of the proinflammatory factor production that consequently results from the inactivation of the MAPK pathway. As described previously, these phytobioactive agents (nutraceuticals), by virtue of their origin from naturally available food, have been shown to be not only preventive but also therapeutic for PD while potentially avoiding side effects. Although most of them will require assessment in clinical trials suitably designed to demonstrate their neuroprotective effect in PD patients, some of them, Atremorine in particular, have demonstrated their efficacy in basic and clinical trials by an improvement in cognitive scores, motor function and quality of life. In summary, it is clear that future therapeutic agents will effectively respond to the multi-faceted nature of this disease and will potentiate their beneficial effects in combination with existing drug therapies for PD patients, in order to maximize their neuroprotective effects in PD patients.
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6-OHDA

:   6 Hydroxydopamine

AADC

:   Aromatic amino acid decarboxylase

AICAR

:   Acadesine

AKT/GSK-3β

:   Akt/glycogen synthase kinase-3

AM404

:   Endogenous cannabinoid reuptake inhibitor

AMPK

:   Adenosine monophosphate-activated protein kinase

APOE

:   Apolipoprotein E

BAX

:   Apoptosis regulator

CaMKKβ

:   Calmodulin-dependent protein kinase β

CBD

:   Cannabidiol

CXCR4

:   C-X-C-motif Chemokine Receptor-4

CYP

:   Cytochrome P450 gene family

DA

:   Dopamine

DOPAC

:   3,4-Dihydroxyphenylacetic acid

Dpf

:   Days post fertilization

EGb

:   Ginkgo biloba leaf

EGCG

:   Epigallocatechin-3-gallate

ERK

:   Extracellular signal-regulated kinases

GPi

:   Postero-ventral pallidus

GST

:   Human glutathione transferase

IL

:   Interleukin

L-DOPA

:   l-3,4-dihydroxyphenylalanine (levodopa)

LRRK2

:   Leucine-rich repeat kinase 2

MAO-B

:   Monoamine oxidase B

MAPK

:   Mitogen-activated protein kinase

MCAO

:   Intraluminal middle cerebral artery occlusion

MPTP

:   1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

NO

:   Nitric oxide

OGD-R

:   Oxygen-glucose deprivation followed by reperfusion

PD

:   Parkinson's disease

ROS

:   Reactive oxygen species

SCI

:   Spinal cord injury

SIRT1/Akt1

:   Sirtuin 1/Akt enzyme

SN

:   Substantia nigra

TGF-β

:   Transforming growth factor beta

TH

:   Tyrosine hydroxylase

THC

:   Delta9-tetrahydrocannabinol

TNF

:   Tumor necrosis factor

TSG

:   Tetrahydroxystilbene glucoside

WIN-55212-2

:   Cannabinoid receptor agonist
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![**Comparative dopaminergic immunoreactivity effects of AtreMorine against PD pathology.** Comparative photomicrographs of dopaminergic immunoreactivity (TH) of the substantia nigra pars compacta (SNpc) of MPTP-induced mice with different treatments. Transverse brain sections of mice from groups treated with PBS (control), AtreMorine only \[10.5% (\[20%\]; CI 8.3--12.6%; p\<0.001)\] and the combination of AtreMorine and synthetic L-DOPA \[24.5% (\[50%\]; CI 21.1--28.0%; p\<0.001)\], showing the remarkable neuroprotective effect of AtreMorine treatment by reducing the dopaminergic degeneration in the SNpc neurons. Comparative sections show a notable neuroprotection effect of AtreMorine in mice when compared with control mice \[31.8% (\[60%\]; CI 29.0--34.3%; p\<0.015)\]. Scale bar: 100 µm. (*The color version of the figure is available in the electronic copy of the article*).](CN-17-295_F1){#F1}
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